ABSTRACT -(Seedling growth of fifteen Brazilian tropical tree species differing in successional status). Growth of seedlings of fifteen tropical tree species representative, at the adult stage, of different successional positions, was studied under field conditions. Seedlings were grown in three treatments: full sun (FS), artificial shade imposed by neutral screens (AS) and natural shade imposed by a closed canopy in a Forest Reserve in Southeast Brazil (NS). Most of the studied species survived in both shade treatments, although their growth was severely affected. Decreases in height, internode numbers, dry weight, leaf area, root:shoot ratio (R:S) and increases in leaf mass ratio (LMR), leaf area ratio (LAR) and specific leaf area (SLA) were common responses to shade. Relative growth rates (RGRs) and net assimilation rates (NARs) were consistently lower in the shaded treatments than in full sun. RGR was significantly correlated with NAR in the FS and NS treatments, whereas it was correlated with LAR in the AS treatment. Natural shade had more severe effects than artificial shade on leaf area reduction and RGR. Between-species differences in R:S, LMR, SLA and LAR were not related to the successional status of species. However, there was a tendency for early-successional species to have higher RGRs than late successional ones, regardless of the light environment. Late-successional species also showed less pronounced responses to shade than early ones. The characteristics presented by the late-successional species may be associated with shade tolerance, enabling their persistence under dense canopies.
Introduction
Within forest communities, light is a highly variable and often limiting resource (Chazdon & Fetcher 1984 ) and is as a major factor affecting species replacement during secondary succession (Bazzaz 1979) . The degree of shade tolerance of species may be important in determining successional sequences, because these sequences are conditioned by the ability of species to establish and survive under the prevailing environmental conditions. Thus, early-successional species are considered to be shade-intolerant, because they require full sunlight for seedling establishment and growth, whereas climax or late-successional species are considered to be shade-tolerant, because they are able to establish and survive under the forest canopy (Swaine & Whitmore 1988) . However, despite this usually used dichotomic classification in shade tolerance or intolerance, there are species that appear to be intermediate in their characteristics (Hartshorn 1980) . Some results have shown that shade tolerance varies widely among species, so that the responses represent better a continuum of tolerance and not a dichotomy between opposite extremes (Augspurger 1984 , Smith 1992 , Souza & Válio 2001 .
Comparative studies have shown that early-and late-successional species differ with respect to several growth parameters, including relative growth rate, extension growth, leaf production, biomass allocation to root and leaves, specific leaf area and leaf area ratio (Ramakrishnan et al. 1982 , Rao & Singh 1989 , Chandrashekara & Ramakrishnan 1993 , Walters et al. 1993 , Kitajima 1994 . In general, these studies have demonstrated that early-successional species have higher growth rates than late successional species, with less biomass allocation to the root system and larger leaf area ratio and specific leaf area. From an ecological point of view, such characteristics should facilitate a rapid occupation of space by pioneer and earlysuccessional species.
Several studies have examined the effect of shade on the growth of temperate and tropical tree species. However, although it is know that the spectral composition of radiation changes as it is filtered by green canopies, most studies on shade effects have been restricted to investigations of the effects of decreasing the photon flux density without ascribing for changes in spectral composition (Osunkoya & Ash 1991 , Thompson et al. 1992 , Walters et al. 1993 , Osunkoya et al. 1994 , Bartlett & Remphrey 1998 , Reich et al. 1998 . Exceptions are the studies of Kwesiga & Grace (1986) , Kitajima (1994) , Tinoco-Ojanguren & Pearcy (1995) and Lee et al. (1996) , where natural shade was simulated under experimental conditions by reducing both photon flux density and red/far-red ratio. Although Kitajima (1994) found that reduced red/far-red ratio did not affect growth in any of the thirteen species studied, all of the other studies indicated that growth was significantly influenced by light quality, although the specific pattern of response varied among species. Popma & Bongers (1988 , 1991 evaluated growth of plants grown experimentally in gaps and under the forest canopy and exposed, therefore, to radiation differing in both photon flux density and red/far-red. Although such field studies do not allow discrimination between light quantity and light quality effects and are also subject to other variation in climatic factors, they may be of some advantage when interpreting the effects of shade on growth, because the shade-tolerance concept does not distinguish between these effects (Wang et al. 1994) .
The aim of the present field study was to investigate the effects of shade on seedling growth of several tropical tree species differing in successional status.
Materials and methods
The species studied are listed in table 1 and hereafter they will be designated only by the genus name. These species are representative of different successional positions, whose characterization was based on the habitat distribution of species at the adult stage. Three categories were used: 1) early-successional, comprising those species that are absent from the understorey and usually found in large gaps or forest edges, 2) intermediate, comprising those species that occur under conditions of moderate shade, such as in small gaps, shaded forest edges or moderately shaded understories and 3) late successional, comprising the species usually found in the densely shaded understorey (Gandolfi et al. 1995) . All of the species studied are native of a semideciduous tropical forest (Santa Genebra Reserve) in Campinas, SP, Brazil (22 o 44'45" S and 47 o 06'33" W; 670 m altitude), where the field experiments were carried out. Seedlings were obtained from seeds collected from a number of different parent trees, which were either sowed in trays or germinated in incubators and then transferred to soil. In both cases, seedlings were kept in glasshouse for establishment. Once established, seedlings were transplanted in polyethylene bags (3.5 L) filled with soil of the forest floor. Only in the case of Pachystroma, recently emerged seedlings were collected in the forest; they were also kept in glasshouse until the beginning of the experiments.
At the beginning of the experiments, seedlings of each species were randomly assigned to four groups, one of which was immediately harvested to obtain initial growth parameters of height, internode number, dry mass and leaf area. Initial height and internode number values were also recorded for the other three groups, which were transferred to the Santa Genebra Reserve. Of these, one group was maintained outside the forest (full sun treatment, FS), and another was maintained in the forest understorey beneath a closed canopy (natural shade treatment, NS). An additional artificial shade treatment was carried out by maintaining a third group outside the forest in a wooden frame covered by four layers of 50% shade netting (artificial shade treatment, AS).
The PAR (photosynthetically active radiation, 400-700 nm) inside the forest (NS treatment) was ca. 0.4% to 2.4% of full sun, and red/far-red ratio (R:FR ratio calculated as the ratio of the spectral irradiance values at the wavelength band 656-664 nm to that at 726-734 nm) varied Gandolfi (1991) , Lorenzi (1992) , Mantovani (1993) , Salis et al. (1994) , Rodrigues (1995) , Bernacci & Leitão-Filho (1996) ; based upon the habitat distribution of species at adult stage. ** Unknown age: seedlings collected from the forest floor. from 0.23 to 0.74. This range of values was based on measurements made at different times of day (8:00 h, 12:00 h and 16:00 h) in the different seasons of the year (on days next to the summer and winter solstice and to the spring and autumnal equinox). Under shade netting, irradiance was about 1.2% to 7.1% of full sun and R/FR ratio varied from 0.84 to 1.39. The R:FR ratio of full radiation varied from 1.22 to 1.44. In figure 1 , the spectral distribution of radiation obtained in early summer in all the treatments is presented. All these radiation measurements were recorded by a Li-Cor spectroradiometer (LI-1800), with the sensor placed above the seedlings.
In the FS treatment, the polyethylene bags were buried in ditches to avoid excessive heating of the root system; the tops of the bags remained at the soil level. Plants in the FS and AS treatments were watered daily, whereas those in the NS treatment were watered every other day, if necessary, based on a visual and tactile evaluation of soil humidity. Seedlings of all studied species were grown for 100 days in the treatments and then harvested for final growth evaluation. Plant height, internode number, dry mass and leaf area were recorded as growth parameters. Mean internode length was calculated by height/internode number. Dry mass was measured after drying at 80 o C for 48 h. Leaf area was determined gravimetrically, by weighing a cut out paper trace of the leaves and comparing their mass to known standards (pieces of paper with known area). In .nm -1 the case of the Schizolobium and Piptadenia species with bipinnate leaves, only 15 leaflets per plant were outlined and, by counting the total leaflet number, the total leaf area was estimated. Subsequent comparison of the gravimetric method with the leaf area determination method through scanner-generated images indicated a good agreement between values (within 6% error, except for Schizolobium and Piptadenia, where errors were +12.7% and -7.4%, respectively).
From the primary data, the following parameters were derived: root:shoot ratio (R:S, root dry mass/shoot dry mass), leaf mass ratio (LMR, leaf dry mass/total dry mass), specific leaf area (SLA, leaf area/leaf dry mass) and leaf area ratio (LAR, leaf area/total dry mass). Mean relative growth rate (RGR) and net assimilation rate (NAR) were calculated by:
, where W = dry mass, A = leaf area and t = time, with index 1 = initial values and index 2 = final values (Hunt 1982) .
Prior to statistical analysis, data were tested for homogeneity of variances and for normal distribution by, respectively, Bartlett's test and Kolmogorov-Smirnov test as modified by Lilliefors (1967) . Where necessary, log or squareroot transformation of data were used. In all cases where the above assumptions of parametric analysis were met or achieved by means of data transformation, comparisons of means were made by the Student's t test or an analysis of variance (one-way ANOVA) followed, when appropriate, by post-hoc comparisons using Tukey's test, at the 5% probability level. Otherwise, data were expressed as medians and were analysed by non-parametric techniques, through Wilcoxon's test or Kruskal-Wallis test at the 5% probability level.
Results
Survival and growth in shade -Most of the studied species had high survival rates (80%-100%) in the shade treatments. Survival rates were low for Solanum in AS (0%) and for Trema, Pseudobombax, Pachystroma and Senna in NS (14.3%, 25.0%, 40.0% and 57.1%, respectively).
In general, growth was lower in the shade treatments compared with the FS treatment, with plants showing lower height, internode number, total dry mass and total leaf area (table 2) .
Despite the differences in irradiance between AS and NS treatments, their effects on seedling dry mass were not statistically different, save the cases of Cecropia, Ficus and Esenbeckia. In contrast, leaf area values were smaller in NS than in AS for most species. The AS and NS treatments had no consistent effect on height and internode number. In some species, these parameters were similar in both shade treatments (e.g., in Bauhinia, Schizolobium, Piptadenia, Myroxylon), whereas in other species, both parameters (e.g., in Cecropia, Esenbeckia) or only one of them (e.g., in Senna, Pachystroma, Hymenaea) were lower in the NS treatment. In Chorisia and Ficus, the AS and NS treatments had even opposite effects on plant height. In Chorisia, the NS treatment reduced whereas the AS treatment increased height growth, even though internode number was reduced in both shade treatments. In Ficus, AS had no effect on height growth, whereas NS promoted height growth; internode number was reduced similarly in both treatments ( (table 3) . At least for the latter four species, the internode number was reduced proportionally more than height (table 2), resulting in the detection of elongation. In early successional species, in general, both height and internode number were proportionally reduced, resulting in no elongation, or height was severely reduced, reflecting in a reduction in internode elongation in the shade treatments (table 3) .
The shade treatments decreased R:S in most species (figure 2A). However, if only the five late-successional studied species were taken into account, it could be observed that R:S was not affected by shade in three of them (Esenbeckia, Pachystroma and Myroxylon). Higher LMR, SLA and LAR were observed in shade treatments in most species (figures 2B, C, D). In contrast, Pachystroma showed lower LMR and LAR in NS. In most cases, AS and NS treatments had similar effects. When not similar, however, no regular pattern of variation could be defined.
Both RGR and NAR were consistently lower in shaded than in sun-exposed seedlings (figure 3). In some species, RGR and NAR were more affected by NS treatment than by AS treatment. RGR in FS and NS showed a strong positive correlation with NAR, but no significant correlation with LAR. However, in AS, the opposite pattern was found, i.e., RGR correlated well with LAR but not with NAR ( figure 4) . In all cases, LAR was positively correlated with SLA as well as with LMR ( figure 4) . Species responses in relation to the successional status -The early-successional species Trema showed the greatest increases in height, internode number, dry mass and leaf area in relation to the initial values, mainly Comparison of the species based on FS values revealed no trends, such as smaller R:S or greater LMR, SLA and LAR, with the successional status (figure 2). Neither were trends apparent when the comparison was based on shade values. A small response to shade was evident for some late-successional species. In these species, for some parameters, no statistical differences were observed between FS and the shade treatments, e.g., for R:S in Esenbeckia, Pachystroma and Myroxylon, and for LMR in Myroxylon. Even when a statistical difference was found between FS and the shade treatments, the extent of the response was usually smaller for the late-successional species than for the early-successional ones. A comparison between the early-successional Cecropia and the late-successional Myroxylon indicates that Cecropia in NS showed an increase of 187.4% in SLA and of 260.9% in LAR, whereas the corresponding increases in Myroxylon were, respectively, of only 20.7% and of 30.1%.
Considering RGR in FS, the ranking of species from the higher to the lower values was:
When considering RGR values in shade, although some species changed position in the ranking, the early-successional species, on the whole, still remained in the first positions (i.e., higher RGRs) and under FS conditions (table 2). For instance, the final dry mass value under FS, after a 100-day growth period, represented an increase of 56,593.3% in relation to the initial value, whereas under AS the increase was of 4,807.0%. Other early-successional species also presented, in relation to the initial values, great proportional increases in dry mass in FS treatments, e.g., Solanum (12,500.0%), Schizolobium (7,897.8%), Cecropia (6,776.3%), and Bauhinia (6,360.8%). On the other hand, late-successional species were characterized (cont.) the late-successional species continued in the latter positions (i.e., lower RGRs). So, in general, there was a tendency for species with high RGR in high irradiance to show a relatively high RGR in shade. For example, among all species, Trema presented the highest RGR in FS as well as in AS. On the other hand, in all treatments, Myroxylon was among the species with the lowest growth rates. Considering all species, significant correlations between RGR values under FS and AS (r = 0.91; p < 0.001) or NS (r = 0.65; p < 0.05) were found.
Discussion
Effects of shading -Most of the studied species survived in both shade treatments, although their growth was severely affected. As reported in other studies (Augspurger 1984 , Court & Mitchell 1989 , Kwesiga & Grace 1986 , Popma & Bongers 1988 , Osunkoya & Ash 1991 , plants in shade had lower height, internode number, leaf area and dry mass compared with sunexposed plants. For six of the studied species, RGR was reduced more in NS than AS, probably because the NS treatment was more severe than AS treatment as a result of a slightly lower irradiance. However, in general, there were no significant differences between AS and NS treatments in relation to final dry mass values, indicating that the PAR differences between these treatments had no marked effects on growth. Leaf area was also generally more severely affected by NS treatment than AS treatment, indicating the influence of the lower R:FR ratio of the NS treatment on leaf area. Reduced leaf development is one of the responses that may be evoked by phytochrome under conditions of reduced R:FR ratio (Smith & Whitelam 1990) . Internode elongation, with accompanying increase in height, is a response that is expected to occur under conditions of natural shade, because it is a typical morphogenic response (Smith & Whitelam 1990 ). However, internode elongation was observed only in some late-successional species and it was not accompanied by height increase. It is possible that this morphogenic response was limited by the lack of photoassimilates as a result of the low photon flux density prevailing in NS. It has been shown that the rate of photosynthesis at low flux rates can limit the capacity of seedlings to respond to low R:FR ratios by increased extension growth (Smith & Hayward 1985) . Consistent with this hypothesis, Bartlett & Remphrey (1998) found that, in Fraxinus pennsylvanica, a temperate shade tolerant species, although moderate reductions in PAR led to increases in overall shoot length, heavy shading produced plants with little height growth. Our results showed that early-successional species seemed to suffer a greater shade-induced impairment of their height growth than late-successional species. Probably, this kind of response may have emerged as a result of the higher potential growth presented by early-successional species compared to late-successional ones, since acclimation potential seems to be closely related to maximal potential growth, as discussed by Chazdon (1992) . Other responses presented by the plants under both shade conditions included lower R:S and higher LAR, LMR and SLA, with no distinct treatments differences between AS and NS. This growth pattern has been observed by others (Popma & Bongers 1988 , 1991 , Walters et al. 1993 , Osunkoya et al. 1994 , Reich et al. 1998 and is considered an adaptation to shade. It is assumed that these responses taken together can increase the ratio of photosynthesis to respiration at the whole-plant level and contribute to the maintenance of a positive carbon balance and maximization of growth in shade (Kitajima 1994) . In this context, the response of Pachystroma to shade, i.e., decreased LMR and LAR, may have been harmful to the maintenance of a positive carbon balance of the plants. This could be the reason for the high mortality of this species inside the forest.
The shade-induced reductions of RGR were expected, because decreased PAR results in a reduction in photosynthesis. In fact, low NARs were also observed for all species in response to shade. However, according to Lambers & Poorter (1992) , RGR can vary not only as a function of NAR (its physiological component) but also as a function of LAR (its morphological component). For plants grown in the FS and NS treatments, we found a significant correlation between RGR and NAR, but no correlation between RGR and LAR. This indicates that the interspecific variation in growth in either high light or in forest understorey is mainly explained by the physiological component, largely determined by the photosynthetic activity of the plants. However, in the AS treatment, RGR was closely correlated with LAR but not with NAR. It follows that, in this case, morphological components, with emphasis on leaf area, are the main factors determining growth rate in light-limited conditions. These discrepancies in the correlations for AS and NS treatments may have occurred as a function of differences in the spectral quality of radiation. As leaf development is relatively more impaired in NS than AS conditions, as already discussed, it seems possible that, in NS, the morphological component of RGR was impaired and hence only a correlation with NAR have resulted. Nevertheless, interspecific variation in LAR, in all conditions, was explained by variations in SLA as well as in LMR, indicating that both leaf thickness and biomass allocation to leaves were important factors in determining the morphological alterations. Contrasting results in relation to the determinants of RGR have been found in other studies. Osunkoya et al. (1994) and Reich et al. (1998) found that RGR was correlated not only with NAR but also with LAR. Poorter (1999) , based on results obtained with 15 rain-forest tree species, suggested that the different components of RGR become important at different irradiances. It was found that, at low light, species differences in RGR were mainly due to LAR and, at high light, they were mainly due to NAR. So, Poorter (1999) suggested that variations in morphology rather than physiology could be more important in determining growth in shaded understories. However, Poorter's (1999) study involved only neutral shade. Although the same conclusion was reached here when looking to the results obtained with the artificial shade, it seems that differences in behavior may arise under conditions of shade involving alterations of the spectral quality of light, which is the natural condition in the forest understories. Thus, under these latter conditions, it may be concluded here that the physiological response appeared to be a more important determinant of RGR than the morphological response. Comparison among species -Species with high growth rates were mainly those from early-successional positions, such as Trema, Solanum, Cecropia and Schizolobium. On the other hand, the late-successional Ficus, Pachystroma, Myroxylon and Hymenaea stood out with the smallest increments in several growth parameters as well as a low RGR and NAR in any condition. Such results are consistent with observations that species with high RGR under full radiation also maintain high RGR under shade (Poorter 1999 , Kitajima 1994 . There has been some controversy whether shade tolerant species perform better than pioneer under low light conditions. Popma & Bongers (1988) , for instance, ranked ten species according to the RGR presented by plants maintained under a forest canopy. Such ranking, from the lower to the higher value, matched the ecological sequence from pioneer to shade-tolerant species. However, such a criterion, if applied in the present study, would invalidate the sequence, placing pioneer species, such as Trema and Cecropia, in the group of shade-tolerant species. In the present study, there was a tendency for early-successional species to present higher growth rates than late-successional ones, regardless of light environment, and, in fact, significant correlations were found between growth in FS and shade treatments. Other studies comparing species from different successional positions also confirm higher growth for early shade-intolerant than for late shadetolerance species (Poorter 1999 , Walters et al. 1993 , Osunkoya et al. 1994 , Reich et al. 1998 . It seems, therefore, that the characteristic RGR from each species under a certain condition reflects its successional position, although the utilization of this or any other growth parameter, when isolated, requires caution. Moreover, in contrast to other studies where lower SLA, LAR and LMR and higher R:S were observed for shadetolerant in comparison with shade-intolerant species (Rao & Singh 1989 , Kitajima 1994 , no consistent trend regarding successional positions was found. In a study with nine boreal tree species, Reich et al. (1998) also failed to find any correlation between successional status and biomass allocation or LMR, yet they still observed significant correlations with respect to SLA and LAR. DeLucia et al. (1998) also did not find any association of SLA and LAR with shade tolerance status. According to these authors, inconsistencies in relating these parameters to shade tolerance rankings may arise because there are a series of other factors, beyond light, that may influence the pattern of growth. Thus, these parameters can not be safely associated with shade tolerance, except in specific cases where they are clearly shown to vary consistently with some shade tolerance ranking. Kitajima (1994) points out that these traits are better correlated with survivorship in shade and not just with the reputed successional class of species. It is possible that the lack of a consistent trend of variation of these parameters may have emerged here because of the attempt to correlate them with the successional position of the species at adult stage, as species requirements and even growth responses may change with ontogeny (Clark & Clark 1992) . Despite these considerations, the RGR still seems to vary consistently with the successional ranking, as discussed above. Additionally, it was observed that the latesuccessional species showed less pronounced responses to shade, as evidenced by the results obtained for Myroxylon, Ficus, Esenbeckia, Pachystroma and Hymenaea. Despite showing some typical shade responses, these species did it to a smaller extent than observed for the early-successional species. Similar behavior was observed in other studies for other latesuccessional or shade-tolerant species (Fetcher et al. 1983 , Kwesiga & Grace 1986 , Osunkoya et al. 1994 . It may be that this different extent of responses of earlyand late-successional species is a consequence of differences in the species growth potential. Chazdon (1992) has discussed that light-demanding species, with their great potential growth rates, suffers a kind of starvation response in shade, whereas the response of shade-tolerant species to high light may be limited by genetic constraints on maximal rates of response. Nonetheless, it seems that the low growth rates and the low extent of response of late-successional species is associated with shade tolerance. Changes in developmental pattern may not confer any advantage in densely shaded environments, where growth alterations would not increase the probability of increased light interception (Holmes & Smith 1977) . It is important to emphasize here that none of the studied species grew better under shaded environments. Indeed, there is evidence that most species depend on gaps, or at least benefit from them, for successful establishment (Denslow 1980) , that is, the higher irradiance in gaps results in better growth, regardless of the ecological category (Chandrashekara & Ramakrishnan 1993) . As suggested by Augspurger (1984) and Kitajima (1994) , late-successional species could be more capable of persisting under the canopy in a suppressed growth condition due to their lower growth rates. The lower RGRs and the low extent of response observed in this study for the late-successional species may support this view. Indeed, low potential growth has been associated with shade tolerance (Poorter 1999) , which seems to be more concerned with the ability to survive for extended periods in deep shade than with the capacity of maximizing growth (Grime 1977) . The persistence under a dense canopy could contribute to the build-up of a seedling bank, whose seedlings would benefit from increases in irradiance after gap formation.
